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Abstract. Although the sizes of the geographical ranges of plant and animal species are of major interest to macroecologists, the spa-
tial distributions and environmental correlates of only a small group of animals and plants are well studied. Here data on the spatial
distributions of 116 European clearwing moths (Sesiidac) was used to determine the patterns in spatial distribution, postglacial colo-
nization and endemism. The spatial distributions of sesiids are significantly more coherent and there are fewer isolated occurrences
and unexpected absences than predicted by a random sample null model. After correcting for environmental correlates, islands and
mainland countries did not differ significantly in the number of species with small ranges. Polyphagous wood attending species were
more widespread than those with other life histories. Species of Siberian origin had wider ranges than those of Mediterranean origin.
Nestedness and species co-occurrence analysis did not support a unidirectional postglacial colonization from a Southern European

refuge but colonization from both Southern and Eastern Europe.

INTRODUCTION

The sizes of the geographical ranges of plant and
animal species are of major interest to macroecologists
(reviewed in Gaston, 1996, 2003; Kunin & Gaston, 1997,
Hawkins et al., 2003). Sizes of the ranges of terrestrial
organisms tend to be positively correlated with regional
abundance (Hartley, 1998; Thompson et al., 1998,
Huston, 1999), dispersal ability (Gaston, 1994; Novotny,
1995; Ulrich, 2001; Rundle et al., 2007), evolutionary age
of a lineage (Taylor & Gotelli, 1994, but see Bohning-
Gaese et al., 2006), latitude (Calosi et al., 2009), temporal
variability (Vandermeer, 1982), body size (Brown &
Nicoletto, 1991) and niche width (Dennis et al., 2005). In
addition, species with small regional ranges are probably
influenced by environmental factors that operate at a local
or regional scale, whereas widespread species should be
less affected by regional factors (e.g. Maurer & Brown,
1988; Brown, 1995; Jetz & Rahbek, 2002).

The bio-conservation of species with small ranges, par-
ticularly endemic species, is of particular importance
(reviewed in Kunin & Gaston, 1997). Such regionally
rare species have a higher probability of extinction
(Fagan et al., 2005). In turn, wide spread species are often
habitat generalists with either wide niches (Julliard et al.,
2004) or were introduced by man and live in anthropo-
genic habitats (culture followers; Rosenzweig, 2006).

Most of the work on range size distributions of species
has focused on a few well studied taxa, like birds (Orme
et al., 2006), mammals (Baquero & Telleria, 2001) and
freshwater fish (Tales et al., 2004). Of the invertebrates,
particularly butterflies (Ulrich & Buszko, 2003, 2005)

and ground beetles (Kotze et al., 2003) have been studied.
The main reason for the little work on invertebrate taxa of
major importance is the lack of appropriate spatial data.
In addition, most studies focus on single or a few species
for which well resolved spatial data are available (e.g.
Baquero & Telleria, 2001). Comparative studies on range
size of species belonging to larger taxa are still scarce
(Provan & Bennett, 2008).

In the present study recent compilations (Lastivka,
2010; Bakowski et al., 2010) of the spatial distribution of
European clearwing moths (Sesiidae) were used. Mem-
bers of this family are not particularly thermophilous, can
tolerate a wide range of climatic conditions and occur in
habitats at high altitudes and latitudes. Imagines are often
heliophilous, but some species fly in the morning or eve-
ning. Thus a geographic analysis is unlikely to be particu-
larly biased by climatic constraints at the taxon level and
the data should be suitable for a comparative study of the
sizes of ranges of species and for testing several
hypotheses concerning the postglacial colonization of
Europe from glacial refuges. Below sesiid range size
refers always to the spatial distribution in Europe (the
regional range size). Many European species of sesiid
occur outside Europe and have, therefore, a much larger
total range size. Six hypotheses proposed to account for
the European distribution of clearwing moths will be
tested.

1. Clearwing moths are mostly diurnal. Their larvae are
endophagous mainly in roots and partly in the stems of
herbaceous plants (rhizophagous) and twigs, stem and/or
roots of woody plants (xylophagous) (Lasttivka, 1990).
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Species that feed on herbaceous plants are usually less
mobile and probably do not leave their habitat. In contrast
many xylophagous species are found far away from their
host-plants. They are thought to disperse more than their
herbaceous plant feeding counterparts. Hence it is pre-
dicted that xylophagous clearwing moths have on average
larger regional range sizes than rhizophagous species.

2. Most sesiid larvae are oligophagous, but some are
monophagous (about 20%) and polyphagy is rare
(Lastivka, 1990; Spatenka et al.,, 1996; Lastivka &
Lastiivka, 2001), e.g. in Synanthedon spuleri. Quinn et al.
(1998) report a positive correlation between the number
of host plants and regional range size in butterflies, which
accords with the postulated niche width — range size rela-
tionship. It is predicted that a similar relationship occurs
in Sesiidae.

3. According to the classic theory of island biogeog-
raphy (MacArthur & Wilson, 1963) islands that are not
isolated (most European islands) should have higher num-
bers of highly dispersive species. In addition, there should
be some relict (endemic) species that disperse on these
islands (cf. Dapporto & Dennis, 2009). Islands and main-
land areas should also differ in species richness and
number of endemics, even after correcting for other fac-
tors, such as area, heterogeneity, temperature and latitude,
as is reported by Dapporto & Dennis (2010).

4. Assuming that Europe was colonized post-glacially,
mainly from three refuges (or hot spots), Spain, Greece
and Turkey (Médail & Quézel, 1999; Myers et al., 2000;
Hobohm, 2003) the prediction is that most of the species
with small ranges occur in Southern Europe and there is a
latitudinal gradient in range size, with northern European
species having larger ranges than their southern European
counterparts. In the case of the Eurosiberian species the
East Asian refuge seems to be important and the predic-
tion is that the centres of the ranges of these species
should be in Northern and Eastern Europe.

5. Nestedness describes a situation where the species
composition at poor sites is a true subset of that at rich
sites (Patterson & Atmar, 1986; Ulrich et al., 2009). Nest-
edness is therefore a special form of species aggregation
and the opposite of anti-nestedness in which species tend
to avoid each other. Nestedness analysis is used to infer
sequences of colonization and extinction, and patterns of
species richness along environmental gradients (Ulrich et
al., 2009). A postglacial colonization from Southern
Europe should result in a nested pattern of occurrence
with fewer species in Northern European countries (Cut-
ler, 1991; Patterson & Atmar, 2000; Ulrich et al., 2009).
Colonization from an East Asian refuge also implies a
nested pattern along a longitudinal gradient. The exis-
tence of two postglacial colonization events from dif-
ferent centres resulting in a lack of nestedness and a sig-
nificant turnover of species, from south-western to north-
eastern Europe (Leibold & Mikkelson, 2002). Nestedness
analysis might therefore be used to identify the directions
of postglacial colonization events.

6. Species that deviate from the general pattern of colo-
nization from Southern European refuges should also
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deviate from a nested pattern. Atmar & Patterson (1993)
call these species idiosyncratic and proposed the nested-
ness temperature metric as a convenient quantification of
idiosyncrasy (Ulrich et al., 2009). The temperature metric
quantifies the number of unexpected absences and pres-
ences and their distance from the hypothetical isocline
that divides the completely filled and completely empty
parts of the hypothetical completely nested matrix (Atmar
& Patterson, 1993). In the presence of environmental gra-
dients that influence species occurrences the numbers of
unexpected absences and presences should be reduced. In
turn the absence of gradients and random colonization of
species according to the theory of island biogeography
should also randomize the numbers of unexpected
absences/presences. It is predicted that the order of spe-
cies occurrences should follow the latitudinal gradient in
species richness. In addition, generalist xylophagous spe-
cies that potentially have little habitat specificity are more
often idiosyncratic than the more specialized rhizo-
phagous species.

MATERIAL AND METHODS

The recent version of Fauna Europaea (Lastivka, 2010),
which includes the latest taxonomic revisions and faunal sur-
veys, was used to update the faunal composition of 60 European
countries (mainland) and larger islands (regardless of national
affiliation) (Table 1). Russia and some small islands were not
included in the analysis because their faunas are poorly known.
Double entries in the case of subspecies were corrected. How-
ever, seven countries/islands without sesiid species were inclu-
ded, because absences are also of importance for species rich-
ness analyses. In total the present paper is based on 116 Euro-
pean species of Sesiidae (Table 1) of which 84 are rhizophagous
and 32 xylophagous (Lastivka & Lastivka, 2001, Lastivka &
Bakowski, unpubl.). Apart from total species richness per
country/island the number of species that occurred only in a
given country or island (country/island endemics, below termed
endemics), in at most two countries or islands (species with
small ranges), in 3 to 4, 5to 8, 9 to 16, 17 to 32, and 33 to 63
countries, were determined. The latter are called widespread
species.

Based upon environmental variables that are reported to influ-
ence sesiid species richness (Bakowski et al. 2010) the influence
of five geographical variables on clearwing moth occurrence,
was evaluated. For each European country and larger island
(Table 1), the area in km? and the latitude and longitude of its
geographical centroid, were determined. Centroids were esti-
mated from multiple longest diagonals using Google Earth.
Weatherbase(http://www.weatherbase.com) was used to com-
pile data on average annual temperatures Tpean, numbers of days
with temperatures below 0°C (Nt as a proxy for winter
length), mean temperatures in January Ty and July Ty and
to estimate yearly temperature differences AT = Ty — Tranuary-
Averaged climate data for each country was not used because in
many cases high mountain areas biased the data. Further, the
sizes of different countries inflated temperature ranges for larger
countries.

To correct for spatial autocorrelation the simultaneous auto-
regression model (Lichstein et al., 2002; Bini et al., 2009; Beale
et al., 2010) with generalized least squares estimation, which is
implemented in the Spatial Analysis in Macroecology 4.0
(SAM) package of Rangel et al. (2006), was used. This model
uses an additive linear estimation model that is corrected for



TaBLe 1. Countries/islands, area, latitude and longitude of the capitals/largest cities, total species richness, number of
country/island endemics and number of species in 6 logarithmic occurrences classes, included in the present study. The numbers in
brackets show the number of occurrences taking the range outside Europe into account.

Island/ Area Centroid Centroid Number Country/ Occurrences
Country/Island . ) . . . Island
Mainland  [km?] latitude  longitude of species . 2 34 5-8  9-16 17-32 33-44
endemics

Albania m 28748 40.7 20.3 40 0 0 0 3(1) 6 21 10
Andorra m 468 42.5 1.61 3 0 0 0 0 0 2 1
Austria m 83871 47.5 14.9 47 1(1) 0 0 1(1) 84 27 10
Azores i 2200 383 -27.1 0 0 0 0 0 0 0 0
Balearic Islands i 5014 39.5 2.9 8 1(1) 0 1 0 0 3 3
Belarus m 207650 53.4 28.2 15 0 0 0 0 0 5 10
Belgium m 30528 50.5 4.7 20 0 0 0 0 0 10 10
Bosnia and Herzegovina m 51197 44 17.8 44 0 0 0 2(1)  8(3) 24 10
Bulgaria m 110971 42.7 252 55 1 3() 2  6(2) 104) 24 9
Canary Is. i 7270 28.1 -15.2 2 2(2) 0 0 0 0 0 0
Channel Is. i 300 49.2 -2.1 8 0 0 0 0 0 2 6
Corsica i 8680 42.1 9.1 16 0 0 1 4(2) 1 5 5
Crete i 8259 352 249 19 3(2) 0 0 0 2 9 5
Croatia m 56594 45.6 16.1 53 0 0 0 43) 114 28 10
Cyclades Is. i 2500 37 25.6 0 0 0 0 0 0 0 0
Cyprus i 9250 35 33.1 11 2 0 0 1 2 4 2
Czech Republic m 78866 49.7 15 43 0 0 0 1) 74 25 10
Denmark m 43093 56 9.8 15 0 0 0 0 0 5 10
Dodecanese Is. i 2663 39.9 27.2 2 1 0 0 0 0 1 0
Estonia m 45227 58.7 27.1 12 0 0 0 0 0 4 8
Faroe Is. i 1399 62 -6.79 0 0 0 0 0 0 0 0
Finland m 338145 64 26.5 14 0 0 0 1 1(1) 4 8
France m 543965 46.6 2.8 53 0 1(1) 53) 44) 603) 27 10
Germany m 357021 51.2 10 35 0 0 0 0 2 23 10
Gibraltar i 6.5 36.1 -5.4 4 0 0 0 0 1 1 2
Great Britain i 244064 53.9 29 16 0 0 0 0 0 7 9
Greece m 131992 39.3 22 58 8(3) 2 2 73) 7(2) 23 9
Hungary m 93054 47 19.3 46 0 0 1 1(1)  9(6) 25 10
Iceland i 103000 64.9 -19.5 0 0 0 0 0 0 0 0
Ireland i 70273 53.3 -8.08 6 0 0 0 0 0 3 3
Italy m 301401 42.4 12.9 55 0 0 5(1)  94) 6(2) 25 10
Latvia m 64626 56.7 24 13 0 0 0 0 0 4 9
Liechtenstein m 160 47.1 9.5 15 0 0 0 0 1 6 8
Lithuania m 65318 55.3 24 17 0 0 0 0 1(1) 6 10
Luxembourg m 2588 49.8 5.9 26 0 0 0 0 0 16 10
Macedonia m 25339 41.5 21.7 49 0 0 2() S 72 25 10
Madeira(Funchal) i 789 32.7 -17 1 0 0 0 0 0 0 1
Malta i 316 359 14.5 4 0 0 0 2 1 0 1
Moldova m 33709 47.2 48.4 7 0 0 0 0 1 0 6
Monaco m 1.95 43.7 7.3 0 0 0 0 0 0 0 0
Netherlands m 41536 522 5.6 13 0 0 0 0 0 3 10
North Aegean Is. i 3886 40 25 4 0 0 0 0 1 1 2
Northern Ireland i 14144 54.6 -6.7 3 0 0 0 0 0 1 2
Norway m 323963 65.2 14.5 13 0 0 0 1 0 3 9
Poland m 312766 52.1 19.6 31 0 0 0 0 3(2) 18 10
Portugal m 91854 39.8 -8.1 33 0 0 84) 54 1 10 9
Romania m 237453 45.8 25 54 0 0 3(2)  3(1) 10(3) 28 10
San Marino m 61 43.9 12.6 1 0 0 0 0 0 1 0
Sardinia i 23813 40 9.1 18 0 0 2 5(2) 1 5 5
Serbia and Montenegro m 102199 439 20.8 49 0 0 1 41 114 23 10
Sicily(Palermo) i 25426 37.5 14.2 28 2(1) 0 3 5(2) 1 12 5
Slovakia m 49049 48.7 19.3 47 0 0 0 I(H 94 27 10
Slovenia m 20273 46 14.6 43 0 0 0 33) 703 23 10
Spain m 505988 40.3 -3.6 51 3(3) 2(2) 83 54 32 20 10
Svalbard & Jan Mayen i 31000 78.5 16.6 0 0 0 0 0 0 0 0
Sweden m 449964 62.1 16.1 17 0 0 0 1 0 6 10
Switzerland m 41285 46.8 8.3 34 0 0 0 1 3(1) 20 10
Turkey European part m 23764 41.2 27.2 31 0 1(1) 0 3 6 14 7
Ukraine m 603886 49.2 30.8 44 0 () 22 2(1) 82 21 10
Vatican City m 0.44 41.9 12.5 0 0 0 0 0 0 0 0
Total 116 28 6 13 15 14 30 10
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spatial autocorrelation of data (in this case the effect of distance
between the capitals of countries/islands). Species richness and
area are entered as In-transformed data. To account for possible
peaks of species richness at intermediate latitudes the quadratic
term for latitude was also used in this regression analysis. Spa-
tial autocorrelation was quantified using Moran’s I (Rangel et
al., 2006). Akaike information criterion for model choice, as
implemented in SAM, was used. Errors refer to standard errors.

To assess coherence or scatter of range sizes, for each species
the average Euclidean distance between the capitals of the
countries/islands where a given species occurred, were used.
The null expectation of distance was obtained from a random
sample model (1000 replicates) in which latitude and longitude
were reshuffled among the countries/islands. Significance of
coherence or scatter (idiosyncrasy) was obtained from the upper
and lower 95% confidence limits of the null distribution. As fur-
ther measures of range coherence for each species with at least
two occurrences the following were calculated:

(a) the number of isolated occurrences where the country/island
was not directly connected (had no borderline) with any other
country/island of occurrence and

(b) the number of gaps where the country/island without occur-
rence was completely surrounded by countries/islands with
occurrences.

In the case of islands all the nearest mainland countries were
counted as having a direct borderline.

Again the number of isolates and gaps were compared with
the predictions of a random sample model in which the species
occurrences were reshuffled among countries. The null distribu-
tion of expected numbers p of isolates or gaps and the respec-
tive standard deviation ¢ was again obtained from 1000
replicates. The standardized effect sizes Z = (x—p)/c were cal-
culated. Z-scores that are approximately normally distributed
indicate statistical significance at the 5% error level below —2.0
or above 2.0 (two-tailed test).

Nestedness analysis (Ulrich et al., 2009) is a type of eco-
logical gradient analysis that can be used to identify
countries/islands with high or low numbers of outlying or
missing occurrences (idiosyncrasies). Such countries/islands
deviate from the overall pattern of occurrence. To assess the
degree of nestedness NODF was used (Almeida-Neto et al.,
2008). The method of Atmar & Patterson (1993) and the tem-
perature metric were used to infer levels of species and site idio-
syncrasy. For this task the species x sites matrix was sorted
according to species richness (columns) and total number of
occurrences (rows). According to hypotheses 5 and 6 a high
degree of nestedness and low numbers of idiosyncratic species
was expected. Significant correlations of nestedness ranks with
latitude and longitude were also expected.

In addition,species co-occurrence analysis was used to infer
whether range sizes are randomly distributed or whether they
are segregated (scattered). Matrix wide species segregation was
inferred using the C-score (Stone & Roberts, 1990; Ulrich &
Gotelli, 2007). The approach of Leibold & Mikkelson (2002)
was followed and inferred matrix wide species turnover after
one-dimensional seriation (reciprocal averaging) of the coeffi-
cient of correlation between row and column matrix entries. Sig-
nificance levels were in all cases obtained from a conservative
null model that preserves occurrence and richness totals (the
fixed-fixed model implemented in the sequential swap
algorithm, Gotelli, 2000) and has been shown to best account
for biases introduced by differences in occurrence (Ulrich &
Gotelli, 2007). A total of 116 x 60 x 10 = 69,600 swaps were
used for each random matrix (cf. Ulrich et al., 2009). Nested-
ness and co-occurrence calculations were done using NODF
software (Almeida-Neto & Ulrich, 2011).
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RESULTS

Basic patterns

Among the 116 species of clearwing moths in Europe
28 (24%) were single country/island endemics (Table 1).
Only 10 species (9%) occurred in more than 32 of the 60
countries/ islands included in this analysis. Most wide-
spread were Sesia apiformis, Synanthedon myopaeformis
(both 45 occurrences), Paranthrene tabaniformis (44),
Bembecia ichneumoniformis (43), Synanthedon formicae-
formis, S. vespiformis and S. tipuliformis (all 38).

Numbers of occurrences differed with respect to
feeding type and life history. Xylophagous species had
significantly wider ranges than rhizophagous species and
species with at least a biannual development were signifi-
cantly more widespread than species with a shorter life
cycle (Table 2). In addition, there are differences between
monophagous and oligo- or polyphagous species, with the
latter group being significantly more widespread. Medi-
terranean and Siberian species also differ significantly in
the sizes of their ranges, with the latter group having a
higher average number of occurrences (Table 2).

Islands and mainland countries did not differ signifi-
cantly in the number of species that occurred in only one
(single country/island endemics) or two European
countries/islands (ANCOVA with area as covariate: P >
0.3; not shown). Greece (8 species, of which three are
endemics that do not occur anywhere else — Synanthedon
geranii, Bembecia fokidensis and Pyropteron umbrifera)
and Spain (3, probably only Pyropteron kautzi and P. ais-
tleitneri are endemics) contained the highest numbers of
such endemics. In the countries north of the Alps, only
Ukraine has a single endemic species, the eastern Euro-
pean and Asian Synanthedon uralensis. Hence, there was
a strong latitudinal gradient in the number of species with
small ranges.

In the case of widespread species, spatial auto-
regression modelling revealed that area and differences in
mean temperature are significant predictors of species
richness (Table 3). In turn, neither winter length nor
average annual temperature entered the regression at the
5% error level.

TABLE 2. Mean number of occurrences of clearwings in 53
European countries/islands according to feeding type and phe-
nology (years of larval development). Differences between
means were tested using the Kruskal-Wallis test (H).

Mean number of occurrences

Rhizophages Xylophages P
Feeding type 9 20.1 14.55 0.0001
Phenology Yes No
Annual 11.2 13.7 0.85 0.36
Biennual 13.8 11.6 1.23 027
Long living 27 11.2 7.78 0.005
Monophagous Oligo/polyphagous
Food plants 10.3 18.9 7.53  0.006
Mediterranean Siberian
Distribution 10.8 23.3 9.32 0.002




TaBLE 3. Richness of widespread (>16 occurrences) sesiid
species in European countries/islands. Best fit spatial autocorre-
lation model (N = 52). R? = 0.53; P < 0.001. Area and richness
were In transformed prior to analysis.

TABLE 5. Spatial auto-regression of the number of gaps per
country/island as the dependent and latitude, longitude and
number of species as independent variables. N = 60; R* = 0.49;
P <0.0001.

Variable Coefficient St. Error T P Variable Coefficient St. Error T P
Constant —-0.89 0.47 -1.87 0.07 Constant 4431 11.44 3.87 <0.001
Area 0.24 0.05 4.96 <0.001 Species richness —0.45 0.09 -5.14 <0.001
AT 0.06 0.03 2.12 0.03 Latitude -0.63 0.19 -3.35 <0.001
Longitude -0.04 0.13 -0.26 0.80

Coherence of range sizes

As predicted, range size coherence (mean distance
between countries/islands) increased with the number of
occurrences (Table 4). Multiple regression also revealed a
significant increase with mean latitude of occurrence and
a significant decrease with mean longitude (Table 4). 66
of the 87 species with at least two occurrences had a sig-
nificantly more coherent range size than predicted by the
random sample model (not shown). None of the species
was significantly (P < 0.05) scattered.

The analysis of isolated occurrences confirmed the
results of the coherence analysis. Only 8 species had
single isolated occurrences: Pennisetia bohemica and
Chamaesphecia anatolica (Greece), Chamaesphecia
proximata and Ch. alysoniformis (Cyprus), Pyropteron
chrysidiformis (Romania), Chamaespecia chalciformis
(Italy), Ch. maurusia (Sicily) and Bembecia hymenopteri-
formis (Spain). In no species did the number of isolates
significantly (P < 0.05) exceed the random expectation. In
59 species the observed number of isolates was signifi-
cantly lower than expected by chance (not shown). In line
with the overall low number of isolates there were no sig-
nificant differences between countries with respect to the

The analysis of co-occurrence pointed to a significantly
scattered (segregated) pattern of spatial distribution
(observed C-score: 18.8, expected C-score: 16.1, Z =
24.5, P < 0.0001). Separate analyses for northern (above
45°N) and southern European countries (below 45°N)
showed that northern (observed C-score: 5.6, expected
C-score: 4.0038, Z = 7.1, P < 0.0001) and southern
(observed C-score: 5.5, expected C-score: 4.9, Z = 14.4, P
< 0.0001) European species did not differ in their pattern
of spatial distribution. However, this scatter was not
accompanied by significant species turnover. The coeffi-
cient of correlation between row and column ranks of all
1347 occurrences of the 116 species across 60
countries/islands explained only 6.5% of the variance and
was even lower than expected just by chance (not shown).

TaBLE 6. Idiosyncratic country/island nestedness analysis.
L95%CL, U95%CL: lower and upper 95% confidence limits of
the temperature distribution of 100 randomized matrices. Shown
are only the significant countries/islands.

total number of species with isolated occurrences in Occur- Nested-
. . . Country/Island ness tem- L95%CL U95%CL
Europe. Cyprus (Chamaesphecia proximata, Ch. alysoni- TeNCeS  erature
formis) and Greece (P. bohemica, Ch. anatolica) had two Idios G
. yncratic
isolated occurrences. . . Sicily 28 2735 199 14.06
Gaps occurred, particularly in small countries at the C I N 2116 151 10.80
. . .5 anary Is. . . .
southern edge of Europe and isolated islands. This is the . 19 2751 0.90 13.38
case for the mainland countries San Marino and Vatican Portugal 33 2014 3.85 15.48
(54), Gibraltar (44) and Andorra (40), and the islands of Cyprus 11 18.61 3.24 13.98
the Canary Islands (33) and Madeira (32). However, with  podecanese Is. 2 14.27 1.16 10.55
the exception of Moldova (34) there were no gaps at the  Sardinia 18 16.05 1.05 13.19
northern and eastern boundary of Europe. In accordance  Baleares 8 13.10 2.55 12.07
with these trends a multiple regression pointed to signifi-  Greece 58 29.33 26.60 28.68
cant negative associations of the number of gaps with  Andorra 3 13.25 1.57 12.68
species richness and latitude but not with longitude Ordered
(Table 5). Germany 35 1.72 299  16.82
Switzerland 34 245 3.60 18.64
Luxembourg 26 0.95 1.92 14.51
Czech R. 43 3.66 4.51 20.99
TaBLE 4. Multiple regression of range size coherence (all spe-  Netherlands 13 2.18 2.64 12.60
cies with at least two occurrences) as the dependent and mean  S|gvakia 47 0.16 0.60 12.39
latitude and longitude of species range size and numbers of  Bognia and Herzegovina 44 239 2.75 18.20
occurrences as independent variables. N = 87; R* = 0.69; P < pajarus 15 1.66 1.97 12.76
0.001. Belgium 20 092 123 11.62
Variable Coefficient St. Error T P Croatia 53 0.82 1.02 7.68
Constant 1.67 3.67 —0.45 0.65 Latvia 13 2.06 2.24 11.54
Occurrences 0.21 0.02 8.55 <0.001 Romania 55 3.51 3.60 8.68
Mean latitude 0.27 0.09 3.11 <0.01 Great Britain 16 1.69 1.77 10.37
Mean longitude  —0.22 0.03 —7.16 <0.001 Serbia and Montenegro 49 0.46 0.47 12.05
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TaBLE 7. Best fit spatial autoregression model of nestedness
temperature scores per country/island as dependent and environ-
mental variables as independent variables. N = 53; R?> = 0.70; P
<0.001.

Variable Coefficient St. Error T P

Constant 28.23 8.76 3.22 <0.01
Species richness 0.16 0.13 1.43 0.15
Longitude 0.40 0.22 1.84 0.07
AT -1.52 0.61 -2.74 <0.01

Contrary to hypothesis 5 the European clearwings did
not occur in a nested manner but rather appeared to be
antinested (segregated) in comparison to the fixed-fixed
null model that accounts for passive sampling effects. The
NODF metric for the matrix sorted according to richness
and numbers of occurrences was of 47.6, while a score of
53.1 was expected by chance (Z = —8.98; P < 0.0001).
The species specific idiosyncrasy analysis identified 12
species as being more and 17 species as being less
ordered than expected by chance. Species of both groups
did not differ with respect to feeding type and biogeog-
raphic origin (pair wise U-tests all P > 0.1; not shown).

The nestedness analysis grouped many eastern and cen-
tral European countries and the Balkan countries as being
significantly less idiosyncratic (more ordered) than
expected by chance (Table 6). In turn, many southern
European countries and particularly islands were identi-
fied as being idiosyncratic and therefore having more
unexpected occurrences than expected by chance. A spa-
tial autoregression analysis (Table 7) of country/island
nestedness and temperature scores pointed to slight (but
insignificant) positive correlations of the degree of idio-
syncrasy with country/island species richness and longi-
tude and a significant negative correlation with average
environmental temperature.

DISCUSSION

In accordance with the first hypothesis xylophagous
species generally have larger ranges than rhizophages
(Table 2). However, it should be noted that many xylo-
phages are forest species of Siberian origin, which have
now a large Eurosiberian range. In turn, rhizophagous
species are generally thermophilous and of Mediterranean
origin in a broad sense, which might explain their small
ranges. In addition, the large range sizes of oligo- or
polyphagous species (Table 2) are in accordance with the
second hypothesis and corroborate previous findings on
positive correlations of butterfly distributions with the
numbers of host plants (Quinn et al., 1988).

Contrary to the third hypothesis, ANCOVA did not
indicate differences between islands and mainland coun-
tries in terms of the absolute number of single country
endemics. Both groups contained five endemic species.
Correcting for the lower number of islands (15 islands to
38 mainland countries) does not change this result. The
probability of getting five endemics in each group having
100 (mainland) and 55 (island) species is p(y*) = 0.32.
Thus the tests do not point to differences in the number of
endemics between islands and mainland.
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In line with the fifth and sixth hypotheses about the
colonization of Europe from southern European glacial
refugia, the southern European countries Greece and
Spain, and the Canary Islands, Cyprus, Crete and Sicily
appear to be rich in European endemic species. However,
some of these species are not endemic if the surrounding
Asian or North African countries are taken into account.
The fact that Europe is only a peninsula of the large
Asian continent has been neglected in recent studies of
large scale spatial distributions. This problem clearly
deserves more attention and should be considered in zoo-
geographical analyses. Many European animal and plant
species occupy more or less large extra-European ranges
and occur only at the margins of Europe. In the Sesiidae
particular species are recorded from Turkey (Tinthia hop-
lisiformis, Osminia fenusaeformis, Synanthedon rubiana,
Bembecia lomatiaeformis, B. stiziformis, B. priesneri,
Dipchaspecia lanipes, Chamaespecia gorbunovi and Ch.
minor), the Asian part of Russia and Kazakhstan (Synan-
thedon serica, S. martjanovi), or northern Africa (Bem-
becia flavida). Only 10 (8%) species of clearwing moths
are single country/island endemics in Europe if the insuf-
ficient knowledge of the spatial distribution (Bembecia
sareptana, B. volgensis, Weismanniola agdistiformis,
etc.) and unclear taxonomic status of some species
(Synanthedon cruciati, Chamaesphecia staudingeri, C.
amygdaloidis, etc.) are taken into consideration.

On the other hand, of the ten most widely distributed
European species (Sesia apiformis, Synanthedon myopae-
formis, Paranthrene tabaniformis, Bembecia ichneumoni-
Sformis, Synanthedon formicaeformis, S. vespiformis, S.
tipuliformis, S. culiciformis, Pennisetia hylaeiformis and
Synanthedon spheciformis) five (Sesia apiformis, Synan-
thedon myopaeformis, Bembecia ichneumoniformis, S.
vespiformis and S. tipuliformis) are limited in their distri-
bution to Europe or the western Palaearctic, and only five
occupy much larger trans-Palaearctic (Pennisetia hylaei-
formis, Synanthedon formicaeformis, S. spheciformis) or
even Holarctic (Paranthrene tabaniformis, Synanthedon
culiciformis) ranges. In turn, several other species with
large trans-Palaearctic ranges do not have wide distribu-
tions in Europe. Some of these species might be under-
recorded due to their hidden or inconspicuous ways of
life (Sesia melanocephala, S. scoliaeformis, S. flavi-
ventris). Synanthedon polaris is an alpine or arctic species
with restricted habitat requirements and Syrnanthedon
martjanovi, S. uralensis and Bembecia sareptana are only
marginally present in Europe.

The ranges of European clearwing moths are suffi-
ciently known (cf. Lastivka & Lastivka, 2001). The dis-
tribution of most species is more or less continuous and
only a few have isolates at various distances. These single
or two country isolates could be due either by specific
habitat requirements (Chamaesphecia palustris), idiosyn-
cratic postglacial spread combined with characteristic
habitat requirements (Synanthedon polaris), lack of fau-
nistic data (Pennisetia bohemica, Chamaesphecia ana-
tolica) or the fact that the species range is at the margin of
Europe (Bembecia hymenopteriformis, Ch. maurusia).



The isolated occurrences of some species might also be
based on questionable data (for instance Pyropteron chry-
sidiformis in Romania).

The Mediterranean glacial refuge hypothesis assumes
(de Lattin, 1949) that species spread from south European
refuges to the north leaving a number of glacial relicts
and species with small ranges in those regions. The pres-
ence x sites matrix of European Sesiidae sorted them
according to latitude of countries/islands and was signifi-
cantly anti-nested and segregated. Further, central Euro-
pean and Balkan countries appeared to be more ordered
than Mediterranean countries/islands (Table 6) and range
coherence was positively correlated with latitude and
negatively with longitude (Table 4). Thus this analysis
detected few coherent ranges, particularly in south-
eastern European countries/islands, which accords with
the refuge and fourth hypothesis.

The species with a wide and coherent distribution in
central and northern Europe includes many Eurosiberian
species, which are distributed mostly in northern parts of
Europe. In contrast to the species of Mediterranean
origin, the European species of Siberian origin have large
ranges, because the species with small ranges from this
refuge remained in eastern or central Asia and did not
reach Europe. Thus, there are at least two qualitatively
and quantitatively different colonization trajectories.
Nestedness analysis is not suitable for determining such
multiple divergent gradients. Such matrices are always
identified as being either random or segregated, the pat-
tern identified in the present case. Thus the sesiid pattern
is best explained by a multiregional model of colonization
with different trajectories of colonization and a number of
glacial relicts in southern Europe. A similar multiregional
colonization has recently been confirmed for ground bee-
tles (Drees et al., 2010) and reptiles (Joger et al., 2007).
Further, the existence of a number of micro-, and cryptic
refugia (Joger et al,, 2007; Provan & Bennett 2008)
should decrease the degree of nestedness in southern
European countries and thus increase the degree of scatter
in the spatial distribution.
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